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Introduction
Epidemics of chronic kidney disease (CKD) [defined as an estimated glomerular filtration rate (eGFR) of < 60 ml/min/1.73 m 2 ] not due to diabetes mellitus (DM) or hypertension have recently been observed among individuals working in hot environments in several areas of the world, including Central America, Mexico, India and Sri Lanka. [1] [2] [3] While the etiology is not known, a common risk factor is heat stress and recurrent dehydration, leading some authors to suggest that the disease should be called 'heat stress nephropathy". [3, 4] Experimental models have confirmed that recurrent heat stress and water restriction can lead to CKD, and the mechanism appears to be mediated by hyperosmolarity that activates pathways (vasopressin, aldose reductase-fructokinase) that can induce renal injury. [5] [6] [7] [8] If transient but recurrent hyperosmolarity is a risk factor for CKD, then evidence for such a mechanism might also be present in the general population. Indeed, there have been a number of studies that have suggested that a low fluid intake may be a risk factor for CKD [9] [10] [11] [12] while others could not demonstrate such an association or showed the converse. [13, 14] However, the type of fluid intake may be very important, as some studies suggest that intake of water is protective but not when other drinks (such as soft drinks) are evaluated. [12] This is consistent with experimental models in which intake of water can protect against kidney injury whereas sugary beverages accelerate injury. [6, 15] We therefore decided to test the hypothesis that an elevated serum osmolarity might be an independent predictor of CKD in a longitudinal study of Japanese adults. As an elevated serum osmolarity is strongly associated with an increase in serum sodium, we performed our primary analysis to determine if serum sodium is a predictor for CKD, as well as calculated serum osmolarity and its other components (BUN and glucose).
Materials and Methods

Study design and study subjects
This study was a large-scale, single-center, retrospective cohort study to clarify risk factors for developing CKD. We used the database at the Center for Preventive Medicine, St. Luke's International Hospital, Tokyo, Japan. We analyzed the medical records of study subjects who underwent annual regular health check-up for general population at the center both in 2004 and 2009. When the study subjects had examinations more than once a year, we used only the first results in the same year to avoid double count. While all the population was able to access to the center, these medical examinations were out of insurance. Every subject and/or their companies paid for the examinations and each subject had identical physical and laboratory examinations. Serum creatinine was measured by enzymatic analysis and was calibrated to an isotope-dilution mass spectrometry (IDMS) standard. Serum Sodium was measured by ion- selective electrode measurements. The samples were measured using the BioMajesty TM (NIHON KOHDEN Corporation, Tokyo, Japan) auto-analyzer. All blood samples were collected in the morning and performed in the same laboratory. Our population was 'an apparently healthy population' as they came to the center to have annual regular health check-up by themselves, and also provided a general history for comorbidities. Our study design allowed us to identify the development of CKD in apparently healthy people. The study included subjects between 30 years and 85 years old at the 2004 examination. We excluded subjects with CKD in 2004 (baseline) because the study objective was to clarify risk factors for the development of new CKD. Furthermore, we excluded subjects with DM in 2004 because high blood glucose had large influences to the calculated osmolarity and DM is an established risk factor for CKD.
Definition of CKD, DM, hypertension, dyslipidemia, hyperuricemia, and serum osmolarity CKD was defined as the subjects whose eGFR of < 60 ml/min/ Hypertension was defined as the subjects who had current medication for hypertension and/or whose systolic blood pressure (BP) of !140 mmHg and/or diastolic BP of !90 mmHg. BP readings were obtained using an automatic brachial sphygmomanometer (OMRON healthcare Co., Ltd, Kyoto, Japan). Two readings were taken, after the participant had been seated and resting quietly for more than five minutes, with the feet on the ground and back supported. Mean systolic and diastolic BP for each participant was calculated from the recorded measurements. Dyslipidemia was defined as the subjects who had current medication for dyslipidemia and/or whose lowdensity lipoprotein cholesterol level of !140 mg/dl, high-density lipoprotein cholesterol level of <40 mg/dL, and/or triglyceride level of !150 mg/dL. Hyperuricemia is defined the subjects who had current medication for hyperuricemia and/or whose serum uric acid level >7.0 mg/dL. This definition was from Japanese guideline for the management of hyperuricemia and gout: second edition. [17] Serum osmolarity (mOsm/L) was calculated using a formula that takes into account serum sodium, BUN, and glucose; (2×Sodium) + (BUN/2.8) + (Glucose/18). [18] Statistical analysis
We calculated the cumulative incidence rates of CKD over 5 years for each serum sodium level in 2004. The risk factors for the development of CKD were evaluated by logistic regression analyses. The regression analyses were adjusted for age, sex, body mass index (BMI), abdominal circumference, hypertension, dyslipidemia, hyperuricemia, fasting glucose, BUN, serum sodium, potassium and chloride. Furthermore, we also conducted logistic regression analyses with calculated serum osmolarity after adjusted for age, sex, BMI, abdominal circumference, hypertension, dyslipidemia, and hyperuricemia. Calculated serum osmolarity differed between men and women ( Table 1) , and multivariable regression analyses were also stratified by sex. These logistic regression analyses modeled serum sodium and calculated osmolarity level in 2 ways-as a continuous variable and by quartiles. We calculated and compared the cumulative incidence rates of developing CKD in each serum sodium quartile and calculated osmolarity quartile by using logistic regression models. Statistical differences among serum sodium and calculated osmolarity quartiles were evaluated by using logistic regression analyses on these quartiles, with the lowest quartile as the reference group.
All statistical analyses were performed using the SPSS Statistics software (IBM SPSS Statistics version 22 for Windows; IBM, New York). The statistically significant level was set at α = 0.05. All of the statistical analyses were two-sided. Bivariate associations between demographic and clinical characteristics were compared between men and women using t-tests and χ 2 analyses.
Ethical considerations
All data were collected and compiled in a protected computer database. Individual data were anonymized and there was no personality information identified. St. Luke's International Hospital Ethics Committee (9-1 Akashi-cho, Chuo-ku, Tokyo 104-8560, Japan) approved the protocol for this study. We had consents from all the subjects by comprehensive agreement method in the hospital.
Results
Characteristics of study subjects
We retrospectively analyzed the medical records of 13,201 subjects who underwent annual medical examinations at the center in 2004 and again in 2009. Of those, 13,070 subjects met the age requirement of being between 30 years and 85 years old at the initial (2004) examination. We excluded 492 subjects with preexistent CKD and/or 575 subjects with DM (38 both) that was present on presentation in 2004. Ultimately 12,041 subjects without CKD and DM in 2004 were enrolled in order to identify risk factors for developing CKD by using those followup data over a 5 year period (Fig 1) . Baseline demographic data on the study subjects are shown in Table 1 . The prevalence of elevated serum sodium (defined as the highest quartile, or serum sodium >143 mmol/L) was 32.2% in men and 26.4% in women. The cumulative incidence (rate) of new CKD from 2004 to 2009 was 970 (17.3%) in men and 868 (13.5%) in women.
Cumulative incidence rates of CKD in each serum sodium level Table 2 ). Elevated serum sodium was an independent risk factor for development of CKD with an 18 percent increased risk for every 5 mmol/L change in serum sodium. Baseline serum potassium and chloride were not risk factors for developing CKD after multiple adjustments. In calculated serum sodium quartiles, consisting of serum sodium level of 140 (n = 3,273), 141 (n = 2,629), 142 (n = 2,639), and !143 (n = 3,500), the highest quartile had a 1.17-fold risk for CKD (95% CI, 1.038-1.390) compared with the lowest quartile after adjustments for age, sex, BMI, abdominal circumference, hypertension, dyslipidemia, hyperuricemia, fasting glucose, and BUN ( Table 3) .
Calculated serum osmolarity was also a significantly independent risk factor for developing CKD after multiple adjustments (OR: 1.04 per 1 mOsm/L increased; 95% CI, 1.025-1.054) ( Table 4) . For every change in 5 mOsm/L, there was an increased risk of 24 percent for development of CKD. After conducting similar analyses by sex, higher calculated serum osmolarity remained a significantly independent risk factor for developing CKD both in men (OR: 1.05 per 1 mOsm/L increased; 95% CI, 1.03-1.07) and women (OR: 1.03 per 1 mOsm/L increased; 95% CI, 1.01-1.05). Higher quartiles of serum osmolarity also carried higher incidence rates of new CKD for both men and women (Fig 3) . In men, study subjects in the highest serum osmolarity quartile had a 1.72-fold higher cumulative incidence rate of new CKD compared to those in the lowest quartile (22.5% versus 13.1%, p<0.001). In women, subjects in the highest serum osmolarity quartile had a 2.93-fold higher cumulative incidence rate of new CKD compared to those in the lowest quartile (22.0% versus 7.5%, p<0.001). After using a logistic regression model, there were significant differences between quartile 1 and 3, 4, quartile 2 and 3, 4 in men, between quartile 1 and 3, 4, quartile 2 and 3, 4, and quartile 3 and 4 in women (Fig 3) . After adjustments for age, BMI, abdominal circumference, hypertension, dyslipidemia, and hyperuricemia, these ORs were 1.52 (95% CI, 1.23-1.88) in men and 1.34 (95% CI, 1.04-1.72) in women ( Table 5) .
Relationship between calculated serum osmolarity and eGFR
Higher calculated serum osmolarity also independently predicted CKD as defined using the modified eGFR equation (Fig 4) .
Discussion
We tested the hypothesis that an elevated serum sodium might be a risk factor for CKD, as serum sodium generally reflects serum osmolarity. The hypothesis is based on the fact that an elevated serum osmolarity can activate various metabolic processes, including vasopressin release and activation of the aldose reductase-fructokinase pathway that can be associated with renal injury. [15, 19] We also evaluated other components of serum osmolarity, including fasting glucose and BUN levels. Our primary finding was that both elevated serum sodium and elevated calculated serum osmolarity were strongly associated with the development of CKD, with a 5 mmol/L change in serum sodium carrying 18 percent increased risk for CKD and with a 5 mOsm/L change in serum osmolarity carrying 24 percent increased risk. The increased risk was independent of multiple other known risk factors, including age, sex, BMI, abdominal circumference, hypertension, dyslipidemia, and hyperuricemia. Thus, our study presents the first evidence that elevated serum sodium and osmolarity may be independent risk factors for CKD. We also found that an elevated BUN was also associated with increased risk for CKD which remained an independent risk factor after correcting for baseline eGFR. Since dehydration is commonly associated with an increase in the BUN/creatinine ratio, it is possible that the elevated BUN reflects a dehydrated state. Alternatively, it might mark subtle differences in GFR that were not detected using the eGFR calculated methods.
An unusual finding was that, while both fasting glucose and abdominal circumference predicted the development of CKD by crude analysis, that following multiple adjustments with other risk factors that the relationship switched to be inverse, in which both lower fasting glucose or lower abdominal circumference predicted the development of CKD (Table 2) . It is possible that this reflects the consequence of multiple adjustments for factors that are causally linked with each other such as BMI, dyslipidemia and serum uric acid [20] . It is known that when factors are causally linked, that multivariable analysis may result in the factors not being independent or even showing opposing relationships. For example, the risk from an increased abdominal circumference may be nulled by controlling for BMI if the two factors are causally linked, and in fact if the effect of BMI. Likewise, since diabetes was excluded at baseline, the finding that an elevated fasting glucose was now associated with protection may reflect a risk with low fasting glucose that might reflect poor nutrition. Importantly, an elevated serum sodium remained strongly predictive of CKD in both crude analysis and following multiple risk factor adjustments. This study supports the hypothesis that hyperosmolarity may have a role in the pathogenesis of CKD. [7] Specifically, we found both an increase in serum sodium and an elevated calculated serum osmolarity to predict the development of CKD. Hyperosmolarity stimulates vasopressin synthesis and release, the latter which can be assessed in the circulation by the presence of copeptin, a precursor for vasopressin. [21] Serum copeptin levels are associated with the presence of microalbuminuria and also predict progression of kidney disease in renal transplant recipients. [22] [23] [24] Experimentally vasopressin has been shown to accelerate CKD by causing glomerular hyperfiltration and albuminuria. [15, 25, 26] An increase in serum osmolarity also activates the polyol (aldose reductase) pathway that can ultimately lead to intrarenal fructose generation and tubular injury. [5] Heat stress and water restriction may lead to transient injury to the kidney (acute kidney injury) that then leads to CKD. [27] [28] [29] These studies, along with epidemiological studies linking low water intake with risk for CKD, [10, 12] provide a mechanistic pathway between dehydration and CKD, and has led to a clinical trial to determine if increasing water intake can slow the progression of CKD. [30] Strengths of the study included its longitudinal nature, and the large subject population. The restriction of subjects to age 30 to 85 was because subjects over 85 years old had a high possibility of death and subjects under 30 years old had low possibility of new onset of CKD. We also excluded subjects with DM since it is a strong risk factor for CKD. [31, 32] The study has several limitations. First, serum osmolarity was calculated rather than directly measured. [18, 33] We could not measure serum osmolality directly because this study was retrospective and the original samples were no longer available. However, we did have direct measurements of serum sodium, which also was an independent risk factor for CKD. Second, this study conducted only one time measurements of serum sodium at 2004 and 2009. The study conducted a two-point cohort study between in 2004 and in 2009 by matching the study subjects identification numbers, and we could not access data between 2005 to 2008. However, all the blood testing was conducted in the morning, and the consistency in timing makes it more translatable across the sample population. In addition, the relationship between baseline serum uric acid and cumulative incidence of CKD was linear, suggesting a strong relationship between the baseline value and outcome. Our study was also a retrospective, single-center study and therefore may have a selection bias. The study group was an apparently healthy population and they came to the center for their health check-up by themselves, and there was little referral bias. In addition, while we analyzed almost all subjects who had annual sodium (141.8 vs 141.5 mmol/L). In addition, CKD generally requires confirmatory documentation for reduced eGFR of <60 ml/min/1.73m 2 at 3 months, but our study only collected data once each year because they were apparently general healthy people. A strength of the data, however, is that all subjects that were followed had identical laboratory tests performed with the same laboratory. In addition, while we knew who was receiving medications, the specific medications being taken were not available. However, the number of study subjects who were on medications were low, and for hypertension was 1,006 (8.6%), for dyslipidemia was 508 (4.2%) and for hyperuricemia and/or gout was 264 (2.2%) in 2004. Since serum sodium can be primary affected by diuretics, the primary concern would be the group with hypertension. Therefore, we repeated an analysis in which we excluded subjects with hypertension who were receiving medications (n = 1,006, 634 men). The results were almost same compared with Table 2 , and serum sodium remained an independent risk for CKD with an OR of 1.045 (95% CI, 1.009-1.083). Finally, this study shows elevated serum sodium and calculated serum osmolarity independently predict CKD, but this does not mean this is a causal relationship. Controlled trials to determine if reducing or preventing elevated serum osmolarity slows or prevents CKD should be performed to test this hypothesis, and one randomized control trial is currently underway. [30] 
Conclusions
This study identifies higher sodium and calculated serum osmolarity as risk factors for CKD. This observation may be relevant not only to the role of inadequate water intake, but also to other dietary measures that may raise serum osmolarity, such as high salt intake [34] and fructose-containing soft drinks. [6] Further studies are indicated, but our work suggests the potential for simple lifestyle measures (increasing water intake and decreasing salt intake) as a means of protecting against the deterioration of kidney function.
